Single-molecule experimental techniques and theoretical approaches are revealing that important aspects of virus biology can be understood in biomechanical terms at the nanoscale.
Viruses provide excellent model systems for physics-based studies of biological nanomachines. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The relationship between the atomic structure of virus particles and their response to mechanical forces is being explored using both computational and experimental approaches. In particular, coarse grained (CG) molecular dynamics (MD) 11,12,16-21 combined with atomic force microscopy (AFM) 6, 9, 10, 13 has proved invaluable to link macroscopic mechanics with general structural aspects of different natural virus capsids. These and other studies are revealing a basic dependence of global mechanical properties on fundamental architectural similarities and differences between the capsids of different virus species. [16] [17] [18] [19] [20] A complementary approach to study structure-mechanics relationships in viruses, and their possible biological relevance, is to compare any differences in mechanical behavior and biological function when single point mutations are introduced in the capsid of a same virus species; [21] [22] [23] [24] [25] [26] AFM has been found particularly suitable for such mutational analysis. [22] [23] [24] [25] [26] There is strong biological interest in these studies because: i) viruses escape host defenses, adapt and evolve in nature in large part through the progressive accumulation of point mutations. ii) mechanical analysis by AFM of a limited number of point mutations in a same viral particle revealed that even single amino acid substitutions causing very small, local structural differences may result in large variations in global mechanical stiffness; these effects have been observed for cowpea chlorotic mottle virus (CCMV), 22 minute virus of mice (MVM) [23] [24] [25] and human immunodeficiency virus (HIV). 26 iii) recent studies using nonenveloped viruses (bacteriophages, [27] [28] [29] MVM, 24, 25 adenovirus, 30, 31 ) or enveloped viruses (HIV, 32, 33 influenza virus, 34, 35 ), revealed that variations in virus particle stiffness in a same viral species may be biologically relevant. Understanding in detail the relationships between fixation of single point mutations in virus particles, variations in mechanical properties and related alterations in biological function could lead to the development of antiviral strategies based on alteration of virus mechanical behavior.
The same mechanical features of natural viruses and their capsids that may have evolved to enable or facilitate biological function could jeopardize many of the promising applications of virus nanoparticles (NPs) that the advent of nanoscience and nanotechnology has opened up. Virus-based NPs are being tested, for example, as nanocontainers for targeted drug delivery; contrast agents for medical imaging; nanobiosensors; light harvesting devices; or templates to obtain metallic NPs for producing catalysts, batteries, electronic circuits and memory devices. [36] [37] [38] [39] [40] [41] [42] [43] Unfortunately, natural virus particles may not withstand the harsh conditions and mechanical forces they could meet during production 44 and/or use. In addition, the lower stiffness of many virus particles compared to other NPs may make them inadequate for applications where a precise distance between active components must be preserved (e.g., between donor and acceptor in a light-harvesting NP 42 ). Also, biologically relevant conformational dynamism in virus particles [45] [46] [47] has been linked to limited mechanical stiffness. 20, 24, 25 In virus-based NPs intended for drug delivery, low stiffness may lead to leaching of confined cargo molecules through flexible, dynamic capsid openings 48 before reaching the target cell. Thus, the suitability of virus-based NPs for different applications could depend on the acquisition of fundamental knowledge on the structural determinants of virus mechanics, in order to rationally engineer their mechanical strength and/or stiffness, for example through the introduction of appropriate point mutations.
MVM, 49 one of the smallest (25 nm in diameter) and structurally simplest viruses known, constitutes an excellent model to study the contribution of individual amino acid residues to virus mechanics, the mechanical effects of single point mutations and their biological consequences. The MVM virion 50, 51 (Fig. 1) is formed by a single-stranded (ss) DNA genome enclosed in a nonenveloped T=1 icosahedral capsid made of 60 structurally equivalent protein subunits with identical sequence and fold, except for their N-terminal (Nt) segments. The capsid is self-assembled from 20 trimers of subunits that constitute stable building blocks ( Fig. 1b ), [52] [53] [54] and the viral ssDNA is packaged into the preformed capsid. 49, 55 Short segments of the viral ssDNA are folded as "wedges" that become noncovalently linked to concavities at the capsid inner wall, close to the 2-fold and 3-fold symmetry axes ( Fig. 1b) . 50, 51 The Nt segments, longer in 10 (VP1) subunits than in the 50 other (VP2) subunits, are disordered, initially located inside the capsid, and do not contribute to capsid architecture, but carry signals important for infection. 49, [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] Pores (channels) at the capsid 5-fold axes 50, 51 (Fig. 1b) are involved in DNA encapsidation and release, and in controlled translocation of VP1 and VP2 Nt segments as required for viral infection. 49, [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] Our previous studies on MVM mechanics revealed that the capsid-bound ssDNA segments act like molecular buttresses that stiffen most regions of the virion and impair a heat-induced, virus-inactivating structural change. 23, 25 In turn, amino acid residues at the base of each capsid pore contribute to preserve a low stiffness around the pores and facilitate a conformational rearrangement associated to through-pore translocation of biological signals during the infectious cycle. 24 Those results led to the conclusion that the anisotropic distribution of mechanical stiffness in the infectious MVM virion provides the biological advantage of increasing its thermal resistance without impairing the pore-associated conformational dynamism required for infection. 24, 25 Here we have undertaken a systematic mutational analysis of the MVM capsid to reveal the individual contributions to local and global mechanical stiffness of a virus capsid, and their relationship to virus infectivity, of specific amino acid side chains at capsid intersubunit interfaces. Individual side chains with different stereochemistry, located in different capsid structural elements and involved in different types of noncovalent interactions between capsid subunits were genetically removed (beyond Cβ) by mutation to alanine, and the effects on local and global mechanical stiffness were experimentally determined by AFM. Fundamental biological and nanotechnological implications of the results are discussed.
RESULTS

Selection of amino acid side chains in the MVM capsid for structure-mechanics
relationship analysis. Site-directed mutagenesis was used to individually mutate to alanine different amino acid side chains at the interfaces between trimeric capsid building blocks. In this way, a series of mutant capsids were obtained. In each of them a single, specific amino acid side chain (beyond Cβ) had been removed in each of the 60 capsid subunits, without introducing any other chemical group. Of the side chains that are individually dispensable for capsid assembly, 64 we focused in those that participate mainly or exclusively in interactions between trimers, and are free of interactions between subunits within each trimer. The selection of individual side chains to be analyzed ( Fig. 2 and Table 1 ) was further based on the following features:
Strength of intertrimer interactions. Different side chains involved in interactions of different estimated binding affinity 64, 65 were chosen (Table 1) .
Directional versus non-directional intertrimer interactions. Side chains chosen sampled
those whose contribution to intertrimer association includes: i) directional hydrogen bonds (class I in Table 1 ); or ii) non-directional interactions only, including coulombic interactions (class II) in the absence of hydrogen bonding, or van der Waals contacts only, including C-C contacts (class III).
Location in different positions and structural elements in the capsid. Removal of any side chain buried in a virus capsid, in addition to disrupting interactions, would originate a small cavity. Thus, the mechanical effect of removing a side chain could strongly depend on its spatial position in the viral particle and possible conformational rearrangements if a cavity was created. We focused in side chains scattered along the intertrimer interfaces, from 6 residues close to the capsid S2 symmetry axis at the center of each interface, to others closer to the S5 axes at its edges ( Fig. 2 , cyan residues). Some chosen groups are located in exposed loops, while others are buried within the β-barrel that constitutes the scaffold of each capsid subunit. The side chain of residue I167 was included because, even though its removal may not disrupt any intertrimer contact, it would enlarge a small cavity (gap) at the intertrimer interface ( Table 1) .
Contributions of individual side chains and their interactions at the intertrimer
interfaces to the mechanical stiffness of the MVM capsid. The above considerations led to the selection of 12 different interfacial residues ( Fig. 2 and Table 1 ) to quantify the effect of their individual mutation to alanine on capsid stiffness. The engineered MVM capsids and the control (wild-type, wt) capsid were produced, self-assembled and purified. For each single capsid analyzed, AFM imaging in physiological buffer was carried out to reveal particle height and major topographic features (large spikes at S3 axes, dimples at S2 axes and cylinders surrounding the pores at S5 axes). These features served to assess the integrity and orientation of single capsids ( Fig. 1c ). At the resolution achieved (a few Å in height), no significant size or structural differences were detected for any mutant relative to the wt capsid (not shown).
Then, the elastic constants, k, of S2, S3 and S5 regions of those virus particles in the same buffer were determined by indentation with the AFM tip of adequately oriented single particles. A controlled approach fully validated in our previous studies on other aspects of MVM mechanics was used (see Methods). Mutant capsids N74A and I167A had already served as negative controls in a study with a different purpose; 24 the k values previously obtained for these 2 capsids are included in the comparisons for completeness. For each region in each of the 10 mutant capsids tested here, many valid force-distance curves were obtained using several individual particles (Figs. 3 and 4 and Table 2 ). The average k values determined for each region of each mutant capsid analyzed were compared with the corresponding values obtained for the wt capsid, and the differences were statistically validated ( Table 2 ). mutant and the wt capsid. Only 2 out of the 12 single mutants showed a k value that was substantially different (arbitrary cutoff: >16% higher or lower) from the wt at S5 regions (1 stiffer, 1 softer); 9 out of the 12 single mutants showed a k value that was substantially different from the wt at S2 regions (all of them stiffer); and 9 out of 12 single mutants showed a k value that was substantially different from the wt at S3 regions (8 stiffer, 1 softer). In 7 several other cases, less substantial (≤16%) but still statistically significant changes in stiffness were observed.
In addition to this general trend for stiffening of most (S2 and S3) capsid regions when different point mutations were introduced at the intertrimer interfaces, we observed widely different quantitative effects in the stiffening achieved ( Fig. 5a ) and its anisotropy when comparing capsid regions ( Fig. 5b ).
Effects on capsid stiffness of removing chemical groups with different contributions
to binding affinity between capsid building blocks. We compared first the contribution to stiffness of side chains involved in multiple, presumably stronger noncovalent interactions between trimers with others involved only in very few, weaker interactions or no intersubunit interactions at all (Figs. 3, 4 and 5). As summarized in Fig. 5a , 7 out of 9 mutants in which multiple intertrimer interactions of different types (Table 1) were removed were stiffened at S2 regions (k values increased from +16% to +52%), and 6 were also stiffened at S3 regions (+18% to +94%). Large increases in stiffness (+22% to +70%) were also observed in S2 and/or S3 regions for mutant capsids I84A and I167A in which, respectively, only one van der Waals contact, or no interaction at the interfaces, had been removed ( Table 1 ). In the I167A capsid, the chemical group removed was also not involved in intratrimer or intrasubunit interactions. A closer examination of k values determined in this study ( Table 2 ) confirmed a general lack of correlation between the estimated effect of the mutation on trimer-trimer binding affinity, 64, 65 and the measured effect on stiffness at S2 and/or S3 regions.
Effects on capsid stiffness of removing chemical groups involved in either hydrogen
bonds or nondirectional interactions between capsid building blocks. We compared next the changes in stiffness for 6 mutant capsids in which intersubunit hydrogen bonds had been removed ( Table 1 and Figs. 3 and 5) versus (vs.) 5 others in which only nondirectional interactions had been disrupted ( Table 1 and Figs. 4 and 5). As summarized in Fig. 5a , variations in k for mutants missing some hydrogen bonds compared to the wt capsid ranged from -16% to +38% (average +13%) in S2 regions, -19% to +44% (average +11%) in S3 regions, and -26% to +33% (average +3%) in S5 regions. Thus, some of the hydrogen bondremoving mutations had no significant effect on stiffness, and most caused a moderate stiffening of S2 and/or S3 regions.
The only mutant capsid tested in which a coulombic interaction had been removed without eliminating any hydrogen bond (K241A), showed increased stiffness at S2 regions (+54%) but not at S3 regions compared to the wt capsid ( Fig. 5a ). In the 4 mutant capsids tested in which only van der Waals contacts had been removed, variations in k ranged from +22% to +52% (average +43%) in S2 regions, from +32% to +94% (average +51%) in S3 regions, and from -16% to +11% (average -3%) in S5 regions ( Fig. 5a ). Thus, mutations that remove non-directional interactions lead to a substantial stiffening of S2 and, in nearly all cases, S3 regions. We found no correlation between a reduction in estimated binding affinity (for example, by considering the number of C-C interactions removed), and the degree of stiffening (compare Table 1 and Fig. 5a ).
Effects on capsid stiffness of removing chemical groups located in different structural elements at the interfaces between capsid building blocks. Finally, we compared the stiffening effect of removing chemical groups with regard to their spatial position and structural context in the capsid. The results obtained with the 12 mutant capsids ( Fig. 5a ) allowed their neat differentiation into two classes, according to their measured stiffness at S2 regions (i.e., around the centers of each trimer-trimer interface) ( Fig. 6 ): i) five class R mutant capsids, which showed larger increases in stiffness (+38% to +54%, average +49%) relative to the wt capsid; ii) seven class E mutant capsids, which showed no or only modest increases in stiffness (-16% to +25%, average +12%).
Mapping the mutated residues belonging to either class (R or E) in the capsid revealed clear structural differences between classes ( Fig. 6 and Video S1 in Supporting Information).
The chemical groups removed in class R mutants (red residues in Fig. 6 and Video S1) are generally located along the line that define the elongated core of each intertrimer interface.
These groups belong to amino acid residues located in secondary structure elements buried in each capsid subunit (in one case, in the capsid inner wall), and most of them have a strong hydrophobic component. In contrast, the chemical groups removed in class E mutants (cyan residues in Fig. 6 and Video S1) are generally located in loops of each subunit at the capsid outer surface. These exposed loops are not tightly associated with the capsid protein subunit they belong to, but are extended on neighboring subunits with which they establish some superficial contacts only. In addition, every chemical group removed in class E mutants (except the I167 side chain) is fundamentally polar in nature and rather accessible to solvent. I167 is non-polar but establishes no intertrimer interactions and is partially exposed to solvent in the protruding β-cylinder that surrounds each capsid pore ( Fig. 2 ).
Removal of most class R or E groups did stiffen also S3 regions at the centers of the trimers, despite these regions are farthest from the mutated residues and the intertrimer interfaces. Differences in stiffening were observed also at S3 regions when either class R or E groups were removed (+37% vs. +23% respective averages), although these differences were less extreme than those observed at S2 regions ( Fig. 5a ). Removal of either class R or E groups led to generally insignificant effects on stiffness at S5 regions at the vertices between intertrimer interfaces, i.e., the pore regions (+2% vs. -4% respective averages; Fig. 5a ). To sum up, the greater stiffening effect of removing class R groups does not occur only at the vicinity of the removed group, but is a rather global phenomenon affecting most (S2 and S3) though not all (S5) regions in the capsid.
Effect on capsid stiffness of combining mutations at the interfaces between capsid building blocks. We asked then if the stiffening effects of individual mutations could be combined to engineer even stiffer viral capsids. We constructed 3 multiple mutants, each containing 2 or 3 stiffening mutations. Two of these three combinations of mutations (R83A/S550A and R83A/H72A/S550A) drastically impaired capsid assembly and could not be tested. The triple mutant capsid I84A/I207A/N554A did assemble, and proved to be one of the stiffest viral capsids tested to date (except at the pore regions), with k S2 =1.05 N/m, k S3 1.19 N/m and k S5 = 0.72 N/m ( Table 2 ). However, it was not much stiffer than the single mutant I207A ( Table 2 and Fig. 5a ). Thus, the mechanical effect of combining mutations that are quite distant from each other at the capsid intertrimer interfaces (Fig. 2) is not necessarily additive.
Effects on capsid stiffness of mutation L143V that increases the size of a cavity in the MVM capsid. In the Discussion, the effects on capsid stiffness of interfacial mutations (this study) are compared with those of other mutations analyzed in previous work on other aspects of virus mechanics. In order to provide a more complete comparison, the effect of mutation L143V was also analyzed here. L143V reduces the size of an amino acid side chain in the capsid, like the interfacial mutations tested here, but this particular residue delimits a conspicuous cavity within each capsid protein subunit (white circles in Fig. 1b ). AFM analysis yielded the following elastic constants for L143V: k S2 =1.19±0.27 (59 Fz; 6 particles); k S3 =0.96±0.23 (76 Fz; 10 particles); k S5 =0.59±0.10 (57 Fz; 6 particles). Thus, removal of just one methyl group delimiting a capsid cavity in mutant L143V had no effect on S5 stiffness, but led to substantial stiffening of S2 and S3 regions (by +116% and +78%, respectively).
Effects on virus infectivity and biological fitness of capsid-stiffening mutations
scattered along interfaces between subunits. Results described above showed that multiple amino acid side chains scattered along the interfaces between trimeric capsid building blocks contribute to maintain the MVM capsid in a state of comparatively low mechanical stiffness, as individual removal of the vast majority of these groups led to a general stiffening of S2/S3 capsid regions. We asked whether this mutation-induced stiffening of the S2/S3 regions in the MVM capsid could be associated to some detrimental effect for virus survival.
Firstly, infectious virus titers in cell culture and capsid stiffness were compared for the wt and mutant virus variants individually carrying 10 of the interfacial mutations analyzed ( Table   1 ). The 7 virus mutants whose capsid is stiffer than the wt capsid at both S2 and S3 regions, were significantly less infectious than the wt virus. The 3 mutants whose capsids are not stiffer at S3 regions (including K204A and K241A that were stiffer than the wt at S2 regions and N74A which was not) showed normal infectivity.
Secondly, ex vivo competition experiments were carried out to determine whether the 2 virions carrying mutations that stiffened the capsid S2 regions but not S3 regions showed a different biological fitness compared to the wt virion. Each of those mutant virions were mixed with the wt virion, and allowed to compete for multiplication in cultured cells in two duplicate, independent experiments as described in Methods. 66 In both experiments, mutant K204A was readily outcompeted by the wt virus. Even when the former was in a large (>20fold) excess relative to the latter, the wt virus reached dominance in only 3-5 cycles of infection. In contrast, mutant K241A outcompeted the wt virus and became fully dominant after 1-2 cycles of infection in both experiments. Sequencing indicated that no additional mutations had been fixed in the capsid protein of this mutant during the serial infections.
Sequence comparisons of many viral strains of 12 parvovirus species evolutionarily closest to MVM (according to sequence alignment of their VP2 capsid protein) was carried out. All 10 interfacial mutations to alanine that stiffened the S3 and/or S2 regions were not observed to occur in nature (the only exception being alanine at position 207 in 5 viral species).
The above results together led us to tentatively propose that intrinsic mechanical stiffening of S3 regions (and may be also S2 regions) in the capsid could lead to impaired infectivity of the virus. It could be argued that, in addition to stiffening the capsid, the tested mutations could also have some stiffness-unrelated effect in some stage of the viral cycle that could be the actual cause for reduced infectivity. To provide further experimental support for a true connection between stiffened S3 and/or S2 regions and reduced MVM infectivity, we challenged this tentative hypothesis by using an entirely different set of mutations as follows.
In a previous, unrelated study by our group, 67 we had shown that single mutations of certain amino acid residues in the MVM capsid, different from those analyzed above, also impaired virus infectivity. These residues were scattered not along the interfaces between trimers, but instead at the interfaces between the individual capsid proteins that form each trimer. We considered that, if the association between stiffened S3 (and/or S2) capsid regions and reduced infectivity (observed so far by analyzing mutations at intertrimer interfaces) was fortuitous, the probability that every infectivity-reducing mutation at the different, intratrimer interfaces caused a similar capsid-stiffening effect was remote. Thus, we selected for mechanics-infectivity analysis a representative sample of these mutations (V86A, W283A, Q291A, S326A) 67 , and determined the elastic constants of the corresponding mutant capsids. All 4 mutations significantly stiffened S3 regions ( Table 3 ). All 4 of them stiffened also S2 regions (Table 3 ; for one mutant more data would be required to statistically validate the observed difference in S2 stiffness). To sum up, the set of mutations at intratrimer interfaces behaved like the series of mutations at the intertrimer interfaces, and as predicted by the hypothesis of a true linkage between increased capsid stiffness at S3 (and S2) capsid regions and impaired virus infectivity.
A mechanism to link stiffening of S3/S2 regions in the capsid and reduced virus infectivity. To provide further evidence for a true linkage between increased stiffness of S3
(and/or S2) capsid regions and reduced virus infectivity, we attempted to identify which specific process in the viral cycle could be impaired when these capsid regions are stiffened.
We considered DNA packaging first. As DNA-binding sites in the capsid overlap with S2/S3 regions 50 (Fig. 1b ), stiffening these regions could impair the conformational adjustment (induced-fit) between these sites and their ligand DNA segments, reducing affinity; in turn, this lower affinity could facilitate the extracellular release of the DNA through capsid pores, 68 reducing the yield of infectious virions. We tested this possibility by using a representative sample of S2/S3-stiffening mutations (F55A, I84A, I167A, I207A; Table 2 ). It had been previously shown that controlled heating of MVM virions to 60-70ºC leads to externalization of the viral DNA without capsid dissociation. 68 Thus, we subjected those four mutants and wt virions to controlled heating to 65ºC, and compared their normalized residual infectious titers.
None of the mutant virions was inactivated faster than the wt virion ( Fig. S1 ), which suggests that S2/S3 stiffening may not impair MVM infectivity by facilitating the untimely release of the genome.
We then considered capsid self-assembly. MVM capsid assembly is known to require a conformational rearrangement of the trimeric building blocks. 54 Stiffening the trimers and the capsid being formed (as reflected in stiffening the S3 region at the center of each trimer, and also S2 regions at the intertrimer interfaces) could impair the required conformational rearrangement between of interacting trimers partners. We tested this possibility by choosing again the same representative sample of S2/S3-stiffening mutations (F55A, I84A, I167A, I207A; Table 2 ), and comparing the assembly efficiency of each mutant capsid relative to wt capsid by in situ immunofluorescence analysis as described in Methods. All four capsid-stiffening single mutations tested did impair capsid assembly (Fig. S2 ). Consistent with this result, two triple mutants carrying several stiffening mutations were completely unable to assemble (see above). These results indicate that a limited stiffness of capsid subunits and of the capsid being formed by addition of trimers 69 may be important for achieving a better assembly efficiency. Identification of a step (capsid assembly) in the MVM cycle that is invariably impaired by mutations capsid stiffening at S3/S2 capsid regions provides further support for a true linkage between increased stiffness of these capsid regions and reduced virus infectivity.
DISCUSSION
The results of this study revealed that most (S2 and S3) regions in the capsid of the natural infectious MVM virus are kept in a state of comparatively low mechanical stiffness (k value) by the action of evolutionarily highly conserved, mainly hydrophobic amino acid side chains buried along intersubunit interfaces ( Fig. 6 and Video S1). We discuss here three aspects related to this finding: i) from a structural point of view, a connection with the results of some previous computational studies on capsid structure-mechanics relationships, and a possible mechanism by which different chemical groups and interactions may limit the stiffness of a quasi-spherical, hollow protein NP; ii) from a biological point of view, a possible selective advantage for a virus to limit the stiffness of some capsid regions; iii) from a nanotechnological point of view, some implications for engineering virus-derived NPs with improved mechanical properties.
Contributions to capsid mechanical stiffness of individual amino acid side chains at
protein-protein interfaces. CG MD simulations have been used previously to investigate, for different virus species, the relationship between capsid structure and mechanical behavior. 11, 12, [16] [17] [18] [19] [20] [21] For example, Roos et al. 16 In these three studies, each capsid residue was represented by a single interaction center at the position of Cα that interacted with other neighboring centers through a Lennard-Jones potential that considered the actual distance between interaction centers. Those simulations provided good matches for experimental results on global capsid stiffness and other mechanical properties of those capsids. Also, CG MD simulations of mutant K42R 70 and wt CCMV capsids were qualitatively consistent with the experimentally observed global stiffenning caused by this mutation. 21 All of these studies indicate that the global mechanical behavior of a virus capsid can be approximated by CG models based on actual Cα positions in the capsid structure, without explicitly contemplating the different chemical nature of the amino acid side chains and the diverse nature of the actual interactions they establish. [16] [17] [18] [19] The results of the present experimental, systematic analysis on a mechanical effect of point mutations in a virus capsid are consistent with some conclusions of the CG MD simulations summarized above: in our study, the magnitude of the global mechanical effect (stiffening) of removing individual side chains in the capsid of a same virus species did not correlate with the type(s) of intersubunit electrostatic interactions removed; rather, it was dependent on the position in the capsid of the residues whose side chains were truncated.
In addition, the present study also revealed that: i) in many cases specific, local variations in capsid stiffness due to single point mutations occurred close to the mutated residue and/or at distant capsid regions; ii) variations in capsid stiffness were in many cases anisotropic, with some capsid regions but not others becoming much stiffer; iii) the more stiffened regions were not necessarily the ones closer to the mutation; iv) larger variations in stiffness (at S2 and/or S3 regions) were generally observed when the removed side chains were essentially buried at the intersubunit interfaces, involved in hydrophobic contacts and located in secondary structure elements within each subunit; small or non-significant variations in stiffness occurred by removing side chains that are fundamentally polar in nature, generally located in capsid surface loops and rather accessible to solvent. In a previous study with a different aim we eventually observed that large increases in MVM capsid stiffness (including stiffening of S2 and/or S3 regions), occurred also when other buried side chains, either located at the base of β-cylinders that delimit the S5 capsid pores, or around capsid cavities, were removed. 24 Taking all these observations into account, we suggest the possibility that many buried amino acid side chains in the natural (wt) MVM capsid ( Fig. 7) , could act as either "spacers" or "tensors" that would prevent the capsid from collapsing into a more compact, mechanically more rigid state. Strong experimental support for this tentative hypothesis comes by the recently solved crystal structure of one stiffened mutant capsid (N.Verdaguer, personal communication): global stiffening of the MVM capsid caused by removal of a side chain at the base of the capsid pores 24 has been traced to a subtle general compaction of the capsid structure that involves quite small but significant alterations in the position of many atoms, including the Cα atoms of many residues, many of them located far away from the mutation site. It remains to be seen if capsid stiffening by other point mutations, the ones analyzed in the present study, could be traced to a similar capsid compaction.
The experimental stiffness values determined here for many MVM capsid mutants that involve amino acid residues of a same virus capsid provide a large number of experimental constraints to be considered for future MD simulations on the quantitative mechanical effects of biologically relevant point mutations in a viral capsid. In particular, once the atomic coordinates of these point mutant capsids are determined and available, it would be very interesting to explore by CG MD whether the differences in Cα positions between wt and mutants of this large series of mutants are enough to recapitulate the observed stiffening effects caused by point mutations.
A biological role limiting mechanical stiffness of S2 and S3 regions in the MVM capsid?
Our studies on different aspects of MVM mechanics now allows a comparison of stiffness of capsids belonging to two natural (wt) strains (p and i) of MVM and as many as 32 mutants carrying single point mutations at capsid intersubunit interfaces, or around capsid pores or cavities (Fig. 7) . Both natural capsids, despite they differ in 13 amino acids per subunit, showed nearly identical elastic constants that were lower than those of most point mutants tested. Moreover, only one region in one mutant (S5 in S550A) yielded an elastic constant that was substantially lower than that of the wt capsid. If a lower capsid stiffness had no biologically adaptive value, the probability of the wt capsids (p and i) being less stiff than the vast majority of point mutants tested would be quite small. It was also revealing that the capsid-stiffening mutations are virtually absent in sequenced natural populations of MVM and evolutionarily related parvoviruses (this study and unpublished observations). It looks as if the naturally evolved MVM capsid is kept in a local minimum of mechanical stiffness in the sequence space, and only point mutations that do not significantly increase capsid stiffness are tolerated. A number of additional experimental results obtained in this study (discussed next) indicate that this comparatively low capsid stiffness of the natural capsid may indeed be biologically required by the virus.
First, of the 12 tested point mutations of residues located at intertrimer interfaces but not at the base of the pores, only R83A (not far from the pores) stiffened the pore (S5) regions and was essentially deleterious. This observation confirm our previous results that stiffness at S5 regions is locally (and not globally) controlled, and that a relatively low stiffness around the capsid pores is strictly required for MVM infectivity. 24 In addition, evidence obtained in the present study led us to hypothesize that a comparatively low stiffness at S3 (and perhaps also S2) regions in the capsid may provide a selective advantage to MVM by enhancing viral infectivity: i) Mutant N74A, whose capsid was not stiffer than the wt at S2 and S3 regions, was normally infectious. In contrast, all 19 tested viruses with mutations that stiffened the capsid at S3 regions showed significantly reduced infectivity. These mutants included 10 viruses with point mutations at intertrimer interfaces and 4 with mutations at intratrimer interfaces (this study), and 5 other viruses 71 with infectivity-reducing mutations around cavities inside the capsid wall (L143V analyzed here, and 4 others 24 ). The correlation between stiffening of S3 regions in the capsid and reduced infectivity showed no exception. The association of reduced infectivity with S2 stiffening was less clear. In particular, two mutant viruses whose capsids were stiffened at S2 but not S3 regions were as infectious as the wt virus. While one of these (K204A) had a strongly reduced biological fitness, the other (K241A) was fitter than the natural virus in cell culture. However, the K241A mutation was never found among MVM and related parvoviruses in nature, which suggests a biological disadvantage. We had determined biological fitness in cell culture conditions; thus, it cannot be excluded that K241A fitness may be impaired in nature.
ii) After we formulated the hypothesis of a linkage between stiffened S3 (and may be S2) capsid regions and reduced MVM infectivity, we challenged it by using an independent set of mutations that were located within each trimer; these mutations were entirely unrelated to the mutations at the intertrimer interfaces that had been used to formulate the hypothesis. All mutations used to challenge the hypothesis both reduced virus infectivity and stiffened S3 and S2 regions as predicted.
iii) Further experimental evidence for a true connection between increased stiffness of S3/S2 capsid regions and reduced virus infectivity was provided by showing that, when tested, capsid S3/S2-stiffening, virus infectivity-reducing mutations invariably impaired a particular stage in the infectious cycle, capsid assembly. This result is consistent with the established fact that a conformational rearrangement of the trimeric building blocks is required for MVM capsid assembly. 54, 67 Stiffening the trimers and the capsid being assembled from them, 69 as reflected in stiffening the S3 region at the center of each trimer and S2 regions at their borders, may likely impair such conformational rearrangement.
In dealing with complex biological systems including viruses, it is frequently very difficult to firmly establish cause-effect relationships. The ensemble of experimental results discussed above provides, in our view, a strong case for a true linkage between increased capsid stiffness around S3 regions and reduced virus infectivity. However, this hypothesis should be further reinforced in future studies by: i) simultaneously reversing the effects on S3 capsid stiffening, impaired capsid assembly and impaired virus infectivity; ii) exploring the biological effects of the stiffening mutations in more detail; and iii) undertaking MD simulations in order to firmly establish the structural basis that may connect changes in mechanical stiffness due to single point mutations and alteration of biologically relevant conformational changes during capsid assembly.
At this point it may be emphasized that, in the laboratory, we were able to increase the resistance of the MVM virion against heat-induced inactivation of its infectivity by introducing point mutations that stiffened S2/S3 regions in the capsid. 25 In contrast, in nature MVM appears to have increased virion resistance to heat-induced inactivation by a much more complex route: through fixation of enough mutations that created complex DNA binding sites at the capsid inner wall, thus stiffening S2/S3 regions in the DNA-filled virion but not in the empty capsid. We tentatively suggest that this convoluted solution may be a compromise in the face of conflicting selective pressures: on one hand, the need to preserve a low stiffness of the trimers and the capsid while the latter is being assembled; on other hand, the need to increase the stiffness of S2/S3 regions in the infectious virion, once the DNA has been packaged into the capsid, to increase virion thermostability.
A hypothetical empirical model that combines current structural and biological knowledge on MVM with the results of our studies on the mechanical behavior of the empty capsid ( 24 and this study) and DNA-filled virion 25 is the following: i) efficient assembly of the empty capsid requires a limited stiffness of the trimeric subunits and of the capsid being assembled (reflected in limited stiffness of S3 and S2 regions) (this study) to allow a conformational rearrangement of the trimer 54 that improves recognition between trimers that are being added to the growing capsid during assembly; 69 ii) later packaging of the viral DNA and binding of DNA segments to the capsid inner wall stiffens (mainly) the S2 regions in the DNA-filled virion), and thus makes the virion more resistant against heat-induced inactivation of its infectious capacity, 25 by impairing the untimely release of the DNA 68 through capsid openings; iii) absence of DNA binding at S5 regions around the pores and a number of conserved amino acid residues in the capsid preserve a relatively low stiffness around the pores, which allows the conformational rearrangement associated to through-pore translocation of peptide signals required for viral infectivity. 24
Protein engineering of the MVM capsid provides mechanically tuned viral NPs.
Systematic investigation of the structural determinants of viral capsid stiffness as carried out in this study has provided relevant clues for tuning by protein engineering the stiffness of virus-based and protein-based NPs. Analogous to the situation with other materials (e.g., rubber or plastic), our results suggest that variations in stiffness that can be introduced in a protein-based material through modest molecular alterations are subjected to intrinsic limitations. As discussed above, the wt MVM capsid appears to have been "engineered" by nature to preserve a state of comparatively low stiffness; thus, the rational design of MVM capsids of even lower stiffness by genetically introducing point mutations could be a difficult proposition. In contrast, the engineering of capsids that are greatly stiffened was extremely successful. An upper limit of stiffness may, however, have been reached for these viral NPs, as a combination of two or three different stiffening modifications either barely increased the (already very large) stiffening achieved by one of those modifications alone, or prevented capsid assembly.
Despite these (physically or biologically) imposed limitations, the present study did lead to a series of mechanically stiffened viral NPs offering multiple choices regarding their degree of global and/or local stiffness (k values ranging from ~0.45 to ~1.20 N/m) and mechanical anisotropy ( Fig. 5) . Differences in size, geometry and architecture of the different point mutant capsids and wt capsid of a same virus species may be inexistent or very small (e.g. 70 and, for MVM, N. Verdaguer, personal communication). Thus, for the mutants and wt capsids analyzed here, the differences between the corresponding values of the Young´s modulus of elasticity (1 GPa to 2.7 GPa if calculated as described in 72, 73 ) may parallel the differences in elastic constant values that were experimentally obtained.
CONCLUSIONS
This study undertook a systematic experimental dissection of the contribution in a natural virus capsid of different amino acid side chains at intersubunit interfaces to local and global mechanical stiffness. Many side chains, most of them hydrophobic, located in secondary structure elements, and buried along the interfaces between capsid subunits, contributed to maintain most (S2/S3) regions of the viral capsid in a state of low stiffness compared to mutant capsids in which those side chains had been individually truncated. A low stiffness of S3 (and may be S2) regions in the MVM capsid appears to be required for high capsid assembly efficiency and viral infectivity and may have been biologically selected. From an applied perspective, a family of engineered virus-based NPs was obtained from which one could choose the particle with the most adequate combination of global and local stiffness.
Successful improvement of mechanical properties of protein-based NPs may require a detailed knowledge of atomic groups, and even biological pressures, that determined their natural mechanical behavior at the nanoscale.
METHODS
Recombinant plasmids and construction and production of mutant empty capsids
and virions of MVM. Site-directed mutagenesis using the QuikChange kit (Stratagene) was used on plasmid pFB1-VP2 74 to introduce mutations in the VP2 gene of MVM. The presence of the mutations was confirmed by automated DNA sequencing. Then, the baculovirus expression system (Invitrogen) and mutant pFB1-VP2 as donor plasmids were used to construct the corresponding mutant BM-VP2 bacmids. 74 BM-VP2 bacmids containing either the wt VP2 gene or different mutants 64 were used for the production in H5 insect cells of empty capsids made of VP2 subunits exclusively. 64 Plasmid pSVtk-VP1/2 in which the appropriate mutations had been introduced 24 were used for the production in NB324K cells of mutant empty capsids 52, 57 (N74A, I167A, and the capsids carrying intratrimer mutations (L143V and the mutants in Figs. S1 and S2). The crystal structures of both types of capsids (VP2 and VP1/VP2) are indistinguishable in both structure and stiffness (the Nts are disordered and do not contribute to capsid architecture) ( 51 , this study and unpublished data).
Mutant virions were originally obtained by transfection of NB324K cells 64 as described previously, 62 using infectious clones derived from the original MVMp infectious clone, 75 and amplified by infection of cultured cells.
Purification of MVM capsids and virions.
It was carried out essentially as previously described. 52, 57, 64 Purity and quality of the preparations was primarily assessed by electron microscopy.
Virus infectivity, thermal inactivation and competition assays. Virus infectious titers
were determined in duplicate in standard plaque-formation assays and normalized as described. 24 To ensure comparable results, a control wt virus was included in each experiment.
Virus inactivation assays were carried out by incubating the same number of purified wt and mutant infectious virions (~2x10 5 plaque-forming units) at 65 ºC. Aliquots were taken at different incubation times (up to 2h), and remaining infectious titers were determined in duplicate as above. Two independent experiments were carried out. Titers were normalized relative to the original titer (before heating) and averaged.
Virus competition experiments were carried out using a previously described procedure 66 that we adapted for MVM. Briefly, NB324K cell monolayers were infected using equal titers of the competing viruses at a total multiplicity of infection of 0.5. Progeny viruses were harvested at 72 h post-infection, a fraction of the progeny virus population was used to infect fresh cell monolayers, and this procedure was repeated until five successive cycles of infection and harvest had been completed. For each pair of competing viruses, the experiment was repeated twice. The viral ssDNA from the populations obtained after different cycles was obtained, amplified by the polymerase chain reaction and sequenced. The approximate proportion of the competing viruses in the populations was estimated by densitometry of the chromatogram peaks corresponding to the nucleotide present in the mutant virus genome and the nucleotide present in the wt virus genome.
Immunofluorescence assays. The efficiency of assembly of mutant capsids relative to the wt was determined essentially as previously described. 67 Briefly, aliquots of NB324K cells were electroporated in parallel using the same amounts of wt and mutant pSVtk-VP1/2, and grown in monolayers on coverslips for 48 h. The amounts of both total capsid protein produced and assembled capsids were respectively determined by in situ immunofluorescence using specific primary antibodies. 67 Two independent experiments were carried out for each mutant using both a negative control and wt-transfected cells as a positive control.
Capsid/VPs ratios (relative assembly efficiency values) were obtained by counting fluorescent cells, and normalized relative to the ratio determined for the wt control. 67
Atomic force microscopy. AFM hardware and software was from Nanotec Electrónica, S.L. AFM imaging and determination of the mechanical stiffness of individual wt or mutant MVM capsids was carried out essentially as previously described. 23, 72 Briefly, a drop of the sample (∼20 µl) in PBS was deposited onto a hexamethyldisilazane (Sigma-Aldrich)-treated glass coverslip and left for 30 min at room temperature for capsid adsorption. AFM images were obtained in Jumping Mode 76 using RC800PSA cantilevers (Olympus) with a nominal spring constant of 0.1 N/m and keeping the applied force under ∼50 pN. Before starting each experiment, the actual spring constant of each cantilever used was calibrated using Sader´s method. 77 AFM images were processed using WSxM software. 78 The stiffness of different regions in the MVM capsid was determined by indenting capsid particles of known orientation with a 5-fold, 3-fold or 2-fold symmetry axis close to the top of the particle at the indentation point. 73 To keep within the range of a linear elastic response and avoid particle damage, only force-vs.-distance (Fz) measurements that involved indentations between 0.5 nm and 2.0 nm were considered as previously justified. 24 The local stiffness of each capsid region (around a 5-fold, 3-fold or a 2-fold axis) was determined by calculating the corresponding spring constant k, assuming that viral particle and AFM cantilever behave as two ideal springs in series. 23, 72, 73 Statistical analysis of mechanical data. The k values obtained for MVM particles followed a normal distribution described by a Gaussian fitting, as corroborated using normality tests (and as observed for other viral particles). The statistical significance of differences in k values between mutant and parent capsids was assessed using OriginPro8 (OriginLab). As in previous studies 24 to statistically validate that two k are different, the twopopulation two-tailed Student t-test was used, with an alpha level of 0.05. Equal variance was not assumed, providing a more stringent test.
Sequence alignment, molecular graphics and structural analysis. Alignment of 64 parvoviral capsid protein sequences were carried out with the program Clustal. 79 The programs WHAT IF, 80 represented as backbone models. Residues at the intertrimer interfaces selected for mutational mechanical analysis are depicted as blue spacefilling models, and identified using blue labels.
Residues depicted as yellow spacefilling models (yellow labels) form a structurally and functionally discrete cluster the base of the capsid pores at the confluence of five trimers (see text). corresponding to the side chains of 32 residues per capsid subunit (labeled with different colors) has been determined (this study and refs. [23] [24] [25] . Mutated residues at the intertrimer interfaces, surrounding the base of the capsid pores, delimiting capsid cavities or at capsid-DNA interfaces are respectively represented in cyan, yellow, purple or green spacefilling models.
